Bicyclic salicylates were prepared by [3+3] cyclization of 1,3-bis(silyl enol ethers) with cyclic 3-(silyloxy)alk-2-en-1-ones.
Introduction
1,3-Bis(silyl enol ethers) represent versatile synthetic building blocks [1] . In 1980, Chan and coworkers developed an elegant approach to salicylates based on formal [3+3] cyclizations of 1,3-bis(silyl enol ethers) with 3-(silyloxy)alk-2-en-1-ones [2] . These cyclizations proceed by conjugated addition of the terminal carbon atom of the 1,3-bis(silyl enol ether) onto the 3-(silyloxy)alk-2-en-1-one and subsequent cyclization by intramolecular Mukaiyama aldol reaction. In recent years, we have reported the application of this method to the synthesis of a variety of functionalized arenes [3] . In their early work, Chan and coworkers also reported the synthesis of 5,6,7,8-tetrahydronaphthalenes by cyclization of 1,3-bis(silyl enol ethers) with 3-(silyloxy)alk-2-en-1-ones prepared from cyclohexanone and tetralone. Herein, we report a systematic study of the [3+3] cyclization of 1,3-bis(silyl enol ethers) with various cyclic 3-(silyloxy)alk-2-en-1-ones.
Results and Discussion
The reaction of cycloalkanones 1a -g with ethyl formate and KOtBu in THF afforded, according to a known procedure [5] , the Z-2-(hydroxymethylidene)-cycloalkanones 2a -g (Scheme 1, Table 1 ). Derivative 2b was formed with very good regioselectivity. Treatment of an ether solution of 2a -g with triethylamine (NEt 3 ) and chlorotrimethylsilane (Me 3 SiCl) 0932 -0776 / 09 / 0600-0699 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com gave the cyclic 3-(silyloxy)alk-2-en-1-ones 3a -g as mixtures of regioisomers. The regioselectivity could not be improved by employment of LDA instead of NEt 3 . The TiCl 4 -mediated cyclization of 3a -g with 1,3-bis(silyl enol ether) 4a, prepared from methyl acetoacetate, afforded the bicyclic salicylates 5a -g. The synthesis of 5a was previously reported by Chan and coworkers [2] . The formation of 5,6,7,8-tetrahydronaphthalenes 5a -d proceeded with very good regioselectivity. Whereas the 3-(silyloxy)alk-2-en-1-ones 3a and 3b were regioisomerically pure, 3c and 3d remained as mixtures of regioisomers. For 5c and 5d, the regioselectivity of the cyclization can be explained, as previously discussed by Chan for the cyclization of 4a with 1-phenyl-1-(trimethylsilyloxy)but-1-en-3-one [2] , by a TiCl 4 -mediated isomerization of the 3-(silyloxy)alk-2-en-1-one. In contrast, the cyclization of 4a with regioisomerically pure 3e, prepared from cycloheptanone, afforded an unseparable mixture of regioisomers 5e-A and 5e-B. This result can again be explained by TiCl 4 -mediated isomerization of the 3-(silyloxy)alk-2-en-1-one. The cyclization of 4a with 3f and 3g, prepared from cyclooctanone and cyclododecanone, afforded the corresponding 5,8-and 5,12-bicyclic products 5f and 5g, respectively, as mixtures of regioisomers. The regioisomeric ratios of the products again do not reflect the regioisomeric ratios of the respective 3-(silyloxy)alk-2-en-1-ones. Attempted cyclization of 3e with the 1,3-bis(silyl enol ether) derived from acetylacetone was not successful. The reaction of 4a with 2-(trimethylsilyloxymethylidene)cyclopentanone resulted in the formation of a complex mixture. The silylation of 2-acetylcyclopentan-1-one (2i) afforded the 3-(silyloxy)alk-2-en-1-one 3i. The TiCl 4 -mediated cyclization of 3i with 4a yielded the indene 5i as a mixture of regioisomers (Scheme 3, Table 2 ). The cyclization of 3i with 1,3-bis(silyl enol ether) 4b, prepared from acetylacetone, gave the indene 5j, albeit, in low yield. The structure of 5j was independently confirmed by crystal structure analysis ( Fig. 1 ) [4] .
Experimental Section

General procedure for the synthesis of 2-formylcycloalkanones
To a THF solution of KOtBu was added ethyl formate dropwise at 0 • C. After completion of the evolution of gas, a mixture of cycloalkanone, and ethyl formate was slowly added at 0 • C. After stirring of the mixture for 3 h at 0 • C, the temperature of the solution was allowed to slowly rise to 20 • C within 48 h. Subsequently, an aqueous solution of hydrochloric acid (50 mL, 1 M) and ethyl acetate (50 mL) were added. The organic and the aqueous layer were separated, and the latter was extracted with ethyl acetate (3 × 50 mL). The combined organic layers were washed with an aquoeus solution of NaOH (3 × 100 mL, 1 M). To the aqueous layer was added hydrochloric acid (200 mL, 10 %), and the solution was extracted with ethyl acetate (3 × 50 mL). The combined organic layers were dried (Na 2 SO 4 ), filtered, and the solvent removed from the filtrate in vacuo to leave the product 2.
2-(Hydroxymethylidene)-6-methylcyclohexanone (2b) [6]
Starting with 2-methylcyclohexanone (9.535 g, 85 
2-Hydroxymethylidene-4-phenylcyclohexanone (2d) [8]
Starting with 4-phenylcyclohexanone (9.932 g, 57.0 mmol), a 1.0 M solution of KOtBu (7.036 g, 63.00 mmol) in THF (63 mL) and ethyl formate (56.582 g, 764.0 mmol), 2d was isolated as an orange solid (10.367 g, 90 %). M. p. 58 -60 • C. 
2-(Hydroxymethylidene)cyclododecanone (2g) [10]
Starting with cyclododecanone (10.938 g, 60.00 mmol), a 1.0 M solution of KOtBu (7.416 g, 132.0 mmol) in THF (60 mL) and ethyl formate (59.561 g, 804.0 mmol), 2g was isolated as a yellow solid (12.698 g, 98 %), m. p. 59 -60 • C. 
2-(Hydroxymethylidene)-5-methylcyclohexanone (2h-A) and 2-(hydroxymethylidene)-3-methylcyclohexanone (2h-B) [11]
Starting with 3-methylcyclohexanone (10.095 g, 90.00 mmol), a 1.0 M solution of KOtBu (11.109 g, 99.00 mmol) in THF (99 mL) and ethyl formate (89.338 g, 1206.00 mmol), 2h-A and 2h-B were isolated as mixture of regioisomers (A/B = 9 : 1) as an orange oil (9.150 g, 73 %). 
General procedure for the synthesis of 3-(silyloxy)alk-2-en-1-ones 3
Triethylamine was added to a diethyl ether solution of the 2-formylcycloalkanone 2. After stirring for 30 min at 20 • C, chlorotrimethylsilane was added. After stirring the mixture for 2 d at 20 • C, it was filtered under argon atmosphere, the filter cake was washed with diethyl ether (2×), and the solvent was removed in vacuo (bath temperature 40 • C). The products were used without further purification. Due to their unstable nature, compounds 3e -g were used directly after their preparation.
6-Methyl-2-(trimethylsilyloxymethylidene)cyclohexanone (3b-A) and 2-formyl-6-methyl-1-(trimethylsilyloxy)cyclohexene (3b-B)
Starting with 2b (4.000 g, 28.5 mmol), triethylamine (3.461 g, 34.20 mmol) and chlorotrimethylsilane (4.025 g, 37.10 mmol) in diethyl ether (90 mL), 3b was isolated as a mixture of regioisomers (A/B = 9 : 2) as a yellow oil (5.349 g, 89 %). 3H, CH 3 ), 1.30 -1.61 (m, 3H, CH 2 , CH), 1.71 -1.97 (m (3c-A) and 2-formyl-4-methyl-1-(trimethylsilyloxy)cyclohexene (3c-B) Starting with 2c (4.000 g, 28.50 mmol), triethylamine 
4-Methyl-2-(trimethylsilyloxymethylidene)cyclohexanone
4-Phenyl-2-(trimethylsilyloxymethylidene)cyclohexanone (3d-A) and 2-formyl-4-phenyl-1-(trimethylsilyloxy)cyclohexene (3d-B)
Starting with 2d (3.000 g, 14.9 mmol), triethylamine 
5-Methyl-2-(trimethylsilyloxymethylidene)cyclohexanone (3h-A) and 2-formyl-3-methyl-1-(trimethylsilyloxy)cyclohexene (3h-B)
Starting with 2h (4.000 g, 28.5 mmol), triethylamine (3.461 g, 34.2 mmol) and chlorotrimethylsilane (4.025 g, 37.1 mmol) in diethyl ether (90 mL), 3h was isolated as a mixture of regioisomers (A/B = 7 : 2) as a yellow oil (5.233 g, 87 %). 
General procedure for the synthesis of bicyclic salicylates 5
To a CH 2 Cl 2 solution of 3 and of 1,3-bis(silyl enol ether) 4a,b was slowly added TiCl 4 at −78 • C. After stirring the solution for 30 min at −78 • C, the temperature of the solution was allowed to rise to 20 • C within 14 h. To the solution were added hydrochloric acid (20 mL, 10 %) and CH 2 Cl 2 (30 mL). The organic and the aqueous layer were separated, and the latter was extracted with CH 2 Cl 2 (2×30 mL). The combined organic layers were dried (Na 2 SO 4 ) and filtered, and the filtrate was concentrated in vacuo. The residue was purified by chromatography (silica gel, EtOAc/heptane = 1 : 50).
Methyl-7-hydroxy-1-methyl-1,2,3,4-tetrahydronaphthalene-8-carboxylate (5b)
Starting with 3b (1.000 g, 4.70 mmol), 4a (1.228 g, 4.70 mmol), CH 2 Cl 2 (6.0 mL), and TiCl 4 (0.894 g, 4.70 mmol), 5b was isolated as a yellow oil (0.223 g, 22 %). . Remarks: Data collection was performed using an X8Apex diffractometer system with MoK α radiation and CCD area detector. The structure was solved with Direct Methods and refined against F 2 (software used: Bruker SHELXTL). All non-hydrogen atoms were refined anisotropically. The hydrogen atoms were calculated at idealized positions and refined using the riding model [4] .
